Li x CoPO 4 phase-grown LiNi 0.86 Co 0.1 Al 0.04 O 2 cathode materials were prepared by varying the coating concentration of precipitated Co 3 ͑PO 4 ͒ 2 nanoparticles and the annealing temperature. These materials were characterized by analyzing their electrochemical properties, moisture uptake, and thermal stability. Among the various coating concentrations, 3 wt % coating showed no decrease in the first discharge capacity ͑193 mAh/g͒ and a much improved capacity retention ͑90%͒ at a 1 C cycling rate after 40 cycles, compared to the bare cathode ͑193 mAh/g and 44% for first discharge capacity and capacity retention, respectively͒. Using this concentration, the annealing time was varied from 2 to 7 h at 700, 800, and 900°C. The coated cathode annealed at 700°C for 7 h showed comparable electrochemical properties and moisture uptake to that annealed at 700°C for 5 h. Even after annealing at 700°C for 7 h, P ions remained on the particle surface with a similar coating thickness to that at 700°C for 5 h. However, increasing the annealing temperature led to a further decrease in electrochemical properties and was related to deeper diffusion of P ions into the bulk particle, which likely formed a solid solution consisting of bulk elements and P elements. The amounts of Li 2 CO 3 and LiOH formation of the coated samples upon exposure to air with a relative humidity of 40% showed a similar result when annealing at 700°C, but increasing the annealing temperature to 800 and 900°C resulted in a significant increase of the amount of Li 2 CO 3 and LiOH. Thermal stability was also greatly improved by the coating, and the sample annealed at 700°C for 7 h exhibited a decreased total heat capacity ͑240 J/g͒ compared to the 5 h annealed samples ͑380 J/g͒ even though those values were much smaller than the bare sample ͑980 J/g͒. 1-12 Although the first two cathodes have inferior capacity and rate performance to the latter cathode, their thermal stability is known to be superior to the latter. However, all the cathode materials containing Ni have a problem with rapid moisture uptake, and upon exposure to air, the cathodes rapidly react with water and CO 2 , thus forming LiOH and Li 2 CO 3 impurity phases on the particle surface.
1-12 Although the first two cathodes have inferior capacity and rate performance to the latter cathode, their thermal stability is known to be superior to the latter. However, all the cathode materials containing Ni have a problem with rapid moisture uptake, and upon exposure to air, the cathodes rapidly react with water and CO 2 , thus forming LiOH and Li 2 CO 3 impurity phases on the particle surface. [13] [14] [15] The moisture uptake was directly observed as a pH increase in water, and LiNi 0.88 Co 0.1 Al 0.02 O 2 showed an instant increase in the pH to ϳ12 in water. 16 In addition, compared to LiNi 0.5 Mn 0.5 O 2 and LiNi 1/3 Co 1/3 Mn 1/3 O 2 , the high Ni content cathode materials also have the yet-to-be-solved problem of a violent exothermic reaction with the electrolyte accompanied by substantial heat generation within a short time. [17] [18] [19] For instance, a Li x Ni 0.85 Co 0.1 Al 0.05 O 2 cathode showed a total heat generation two times larger than Li x Ni 1/3 Co 1/3 Mn 1/3 O 2 . 5 In order to enhance the thermal stability of the Ni-rich cathodes, coatings have been studied and AlPO 4 and SiO x coatings have resulted in a positive effect in terms of decreasing heat generation of the cathode but showed problems with moisture uptake. [20] [21] [22] However, during the coating process, surface residual LiOH and Li 2 CO 3 dissolved in water and reprecipitated on the coating surface in the same forms, resulting in gas generation during storage at 90°C. 23 Recently, our group reported that a Co 3 ͑PO 4 ͒ 2 coating on LiNi 0.8 Co 0. 16 Al 0.04 O 2 formed a Li x CoPO 4 phase on the particle surface as a result of Li sources and the nanoparticle Co 3 ͑PO 4 ͒ 2 , and that the coating thickness was Ͻ20 nm. 23 However, this study reported electrochemical properties and storage properties of the coated cathode with a 3 wt % coating concentration annealed at 700°C for 5 h only.
In this study, we extended our investigation and examined the effect of the concentration and annealing temperature of the LiNi 0.86 Co 0.1 Al 0.04 O 2 cathodes on electrochemical properties after Co 3 ͑PO 4 ͒ 2 coating. By using the optimized coating concentration, we further investigated the dependence of the annealing temperature on electrochemical properties, moisture uptake, and thermal stability. 4 were dissolved in 30 g of distilled water and, instantly, Co 3 ͑PO 4 ͒ 2 particles with a pink color were precipitated in the solution, which was stirred for 20 min at pH 5. This coating concentration was a 3 wt % coating concentration ͑weight of cathode was fixed at 100 g͒. For instance, a 4 wt % coating concentration is that which used 4 g of cobalt nitrate and 1.5 g of ͑NH 4 ͒ 2 HPO 4 per 100 g of cathode powders. The coated cathodes with different Co 3 ͑PO 4 ͒ 2 concentrations of 3, 4, 4.5, and 5 wt % were annealed at 700°C for 5 h in air. In order to investigate the annealing effect, annealing temperature was also varied from 700 to 900°C. The actual coating concentration of the annealed samples was very difficult to analyze due to the formation of the Li x CoPO 4 phase. However, using inductively coupled plasma-mass spectrometry analysis of P element, the coating concentrations of 3, 4, 4.5, and 5 wt % were estimated to 1, 1.3, 1.5, and 1.6 wt %, respectively.
Experimental
After sieving, the coated powders with an average particle size of 13 m were used for further analyses. In order to determine the moisture content ͑OH − ͒ in the samples, a Karl-Fisher moisture titrator was used at 250°C ͑prior to measuring, the sample was vacuum dried at 150°C for 2 h to remove the H 2 O molecules adsorbed on the sample͒. The electrochemical properties were tested in a coin-type 2016R cell with lithium metal as an anode. The cathode consisted of 94 wt % active material, 3 wt % Super P carbon black, and 3 wt % poly͑vinylidene fluoride͒ binder. The electrolyte for the coin-type half-cells ͑2016 type͒ was 1 M LiPF 6 with ethylene carbonate/diethylene carbonate/ethyl methyl carbonate ͑30:30:40 vol %͒ ͑Cheil Industries, Korea͒. The capacity and capacity retention were measured between 3 and 4.3 V at a rate of 0.1, 0.2, 0.5, and 1 C ͑1 C = 18 mA/g͒. Specific capacities of the cathodes were calculated by using active material only.
Differential scanning calorimetry ͑DSC͒ samples of the cathodes were prepared by charging the coin cells to 4.35 V at a 0.1 C rate, followed by holding them at that potential for 5 h. These cells were then disassembled in a glove box to obtain the charged cathode part, which typically contained ϳ45 wt % electrolyte, ϳ25 wt % Al foil, ϳ2 wt % combined binder and carbon black, and ϳ28 wt % active material ͑open-circuit voltage just before disassembling the cell was 4.3 V͒ ͑dissembled electrodes were further washed with dimethyl carbonate ͑DMC͒ solvent for several times and dried in the glove box to estimate the weight fraction of each component of the electrode, including the electrolyte͒. The heat flow was calculated using only the cathode material and the heating rate of the DSC experiment was 5°C/min. Powder X-ray diffraction ͑XRD͒ measurements were carried out using a Rigaku D/Max2000 with a Cu-target tube. The carbon concentrations were measured using a carbon, hydrogen, nitrogen, and sulfur ͑CHNS͒ analyzer ͑Flash EA 1112, Thermo Electron Corp.͒. Auger electron spectroscopy was performed on a VG Scientific MAS00 scanning Auger microscope fitted with a 10 keV argon ion gun. Figure 1 exhibits typical Rietveld refinement results of the bare LiNi 0.86 Co 0.16 Al 0.04 O 2 cathode, and it represents the ␣-NaFeO 2 type structure with a space R3m group. The XRD patterns of the 3, 4, 4.5, and 5 wt % Co 3 ͑PO 4 ͒ 2 -coated cathodes showed an identical structural group without showing any changes in site disordering. Figure  2 shows XRD patterns of the coated samples prepared at the different annealing temperature of 700, 800, and 900°C with various annealing times. Table I shows the c/a ratios and Ni amount in the 3a Li sties in the samples annealed at different temperatures and annealing times using the Reitveld method ͓we assume that a small amount of Ni may occupy 3a Li sites because the radius of the Ni 2+ cation ͑r Ni 2+ = 0.69 Å͒ is close to that of Li + ͑r Li + = 0.76 Å͔͒. The crystal structure refinement indicates that any Ni ions in the 3a lithium sites is negligible in the samples annealed at 700°C for 5 and 7 h, but increased slightly in the sample annealed at 800°C for 5 h. However, the site disordering rapidly increased in the sample annealed at 900°C for 2 h, and the amount of Ni ions in the 3a Li sites increased by ϳ6 times, compared to the bare and the other coated samples. This result implies that the sample annealed at 900°C is expected to have deteriorated electrochemical properties compared to the samples annealed at 700 and 800°C. Ni-rich cathodes showed some oxygen loss above 800°C and, for instance, LiNi 0.85 Co 0.15 O 2 lost 0.3 and 3 wt % at 800 and 900°C, respectively. 24 When this happens, the cathode becomes oxygen deficient and then the removal of lithium must be accompanied by the expulsion of oxygen from the lattice. 25 In this circumstance, the structure gets disordered with increased site disordering. Accordingly, the degree of site disordering is expected to increase with an increase in annealing temperature. Figure 3 shows transmission electron microscopy ͑TEM͒ images of the AlPO 4 -coated cathode annealed at 700°C for 5 h ͓AlPO 4 coating procedure on the cathode was identical to that of Co 3 ͑PO 4 ͒ 2 coating except for using Al nitrate͔ and the Li x CoPO 4 phase-grown cathode annealed at 700°C for 7 h. The first image clearly shows a distinguishable AlPO 4 coating layer to the bulk lattice as opposed to the latter image. The Li x CoPO 4 phase-grown cathode shows that the lattice fringe of ͑311͒ plane, corresponding to 2.5 Å of Li x CoPO 4 , is clearly observed without showing the coating layer. This is due to reaction of Li impurities ͑LiOH and Li 2 CO 3 ͒ and Li in the bulk phase with the Co 3 ͑PO 4 ͒ 2 coating layer at 700°C. 23 In order to investigate the distribution of the Li x CoPO 4 layer in the samples with different coating concentrations and annealing temperatures, Auger analysis of P elements was performed as a function of depth profile, as shown in Fig. 4 . It was assumed that the sputter rate of the present sample was similar to that of SiO 2 , which was 200 Å/min using the same accelerating voltage of 10 keV. The samples with different concentrations showed that P ions are distributed only within 40 nm from the particle surface. This is surely due to the limited inward diffusion of P elements in the LiNi 0.86 Co 0.1 Al 0.04 O 2 particles. The concentration profiles of the samples annealed at 700°C for 5 and 7 h in Fig. 4b clearly show that the P atoms were distributed only at the particle surface region inward to ϳ15 and 20 nm, respectively. In addition, with an increase in the annealing temperature, the P concentration levels off at 900°C and P atoms appear to be uniformly distributed to 250 nm into the particle, indicating the possible formation of a solid solution consisting of the elements in the bulk and P elements. Figure 5 shows scanning electron microscopy ͑SEM͒ images of the samples with a coating concentration of 3 wt % annealed at 700, 800, and 900°C for different times. SEM images of the samples annealed at 700°C for 5 and 7 h did not lead to any morphological changes. Upon annealing at 800°C for 5 h ͑Fig. 5c͒, the primary particle size increased from 0.3 to 0.7 m and the aggregated primary particles sustain their integrity. However, the sample annealed at 900°C for 2 h shows a completely different morphology to the others, showing a large grain size of 1.5 m and completely disintegrated aggregated particles. This is due to anisotropic grain growth of the primary particles at 900°C.
Results and Discussion
In order to determine the optimal coating concentration, we compared the first charge and discharge capacities at a rate of 0.1 C between 3 and 4.3 V to the different Co 3 ͑PO 4 ͒ 2 concentrations of 3, 4, 4.5, and 5 wt % annealed at 700°C for 5 h in Fig. 6a and Table II . Except for the 3 wt % coating, increasing coating concentration led to decreases in discharge capacity and columbic efficiency. However, capacity retention, regardless of coating concentration, was increased by over 30% after 40 cycles, compared to the bare sample. Overall, considering capacity and capacity retention, 3 wt % coating was regarded as the best coating concentration. Figure 6b exhibits the voltage profiles of the bare sample with the Li x CoPO 4 phasegrown cathode sample annealed at 700°C for 5 and 7 h, 800°C for 5 h, and 900°C for 2 h at a rate of 0.1 C between 4.3 and 3 V. The samples annealed at 700°C exhibit a similar discharge capacity and capacity retention, showing 193 mAh/g and 90%, respectively. With increasing annealing temperature beyond 700°C, the first discharge capacity decreased to 182 and 140 mAh/g for 800°C for 5 h and 900°C for 2 h, respectively ͑the data is summarized in Table III͒ . In terms of capacity retention after 40 cycles, samples annealed at 700°C for 5 and 7 h show the best retention with 90 and 91%, respectively, and further increasing the annealing temperature results in a decrease in capacity retention. Figure 7 exhibits the discharge capacities of the bare and Li x CoPO 4 phase-grown cathode samples annealed at 700, 800, and 900°C for various times at different C rates. The samples annealed at 700°C for 5 and 7 h exhibit 86 and 88% capacity retentions at 1 C, respectively compared to the capacity at 0.1 C, whereas the bare cathode shows capacity retention of 83% at the same conditions as the coated samples. The sample annealed at 800°C for 5 h has a similar rate capability to the coated samples, although it showed overall lower capacities at different rates than those annealed at 700°C. However, further annealing at 900°C for 2 h results in a 
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Journal of The Electrochemical Society, 155 ͑3͒ A228-A233 ͑2008͒ A230 significant decrease in capacity and rate capability, and the capacity retention at the 1 C rate was only 70%. We believe that this is related to the formation of an off-stoichiometric solid solution throughout the particles resulting from the P and Co atom diffusion from Co 3 ͑PO 4 ͒ 2 . At 700°C, the P ions may reside on the particle surface, while a further temperature increase led to the diffusion of P ions inward into the core of the bulk. A similar result was also reported in SnO 2 -coated LiCoO 2 , in which Sn elements were found to be uniformly distributed throughout the particles accompanied by a capacity decrease. 26 In addition, severe site ordering between Li and Ni can impede the Li diffusion. Another important issue to be discussed is the moisture reactivity of the cathodes. When the CO 2 in air reacts with H 2 O, H 2 CO 3 is formed, which decreases the pH to ϳ5.5.
27 Acidic CO 3 2− ions then attack the particle surface, and Li + ions can be easily leached from the bulk, forming LiOH and Li 2 CO 3 . Hence, the amounts of LiOH and Li 2 CO 3 are expected to increase with increasing air exposure time. Table IV compares the amounts of water adsorbed in the samples annealed at different temperatures, and compared them to the bare sample upon exposure in air with a relative humidity of 40%. The LiOH and Li 2 CO 3 amounts of the samples annealed at 700 and 800°C are decreased by half, and among those, the sample annealed at 700°C for 7 h shows the smallest amounts of LiOH and Li 2 CO 3 . However, the sample annealed at 900°C for 2 h showed increased LiOH and Li 2 CO 3 contents relative to the other coated samples, even though these contents are significantly reduced relative to the bare sample. This indicates that, although 900°C annealing led to a rather uniform distribution of the P ions inward into the particles, the solid solution phase effectively reduces the surface reaction with air. Figure 8 shows DSC scans of the charged bare and Li x CoPO 4 phase-grown cathode samples at 4.3 V, and the onset temperature of the bare sample is ϳ220°C. A very sharp peak with a peak height of ϳ22 W/g implies that the cathode decomposed and liberated heat Figure 7 . Discharge capacities of the bare and coated samples annealed at 700, 800, and 900°C for various times at different C rates. The C rates used were 0.1, 0.2, 0.5, and 1 C, and they were identical during charge and discharge.
within a very short time. This is a detrimental effect in the thermal abuse test, such as nail penetration in which a nail penetrates the cell within 1 s, accompanied by an abrupt large current into the nailed region. The Li x CoPO 4 phase-grown cathode samples annealed at 700°C for 5 h and 800°C for 5 h shows lower onset temperatures of 198°C and 212°C, respectively, than the bare cathode. However, they have diffused peaks, indicating that heat was liberated for a much longer time than the bare cathode. These samples are expected to perform better in a thermal abuse test because they emitted the heat for a longer time. The coated sample annealed at 700°C for 7 h shows the highest onset temperature of 233°C among the samples along with a much decreased peak height of 5 W/g. The onset temperature is indicative of the onset of oxygen evolution from the cathode, and lower onset temperatures mean less structural stability of the cathode. 17, 21 However, decreased onset temperatures of the Li x CoPO 4 phase-grown cathode sample annealed at 700°C for 5 h may be related to a less structurally stabilized Li x CoPO 4 phase on the particle surface even though this coating phase decreased rapid oxygen liberation from the cathode. Fully stabilized Li x CoPO 4 was reported to be obtained using palletized powder at 750°C for 30 h, 28 and therefore, the sample annealed at 700°C for 5 h may have not fully stabilized Li x CoPO 4 . Decreased onset temperature of the sample annealed at 800°C for 5 h may be related to deeper P ion diffusion into the bulk than that annealed at 700°C for 7 h. The total estimated heat generation of the bare sample is 980 J/g, and that of the Li x CoPO 4 phase-grown cathode samples for 700°C for 5 and 7 h are 380 and 240 J/g, respectively. The coated sample annealed at 800°C was 820 J/g, indicating that the Li x CoPO 4 coating layer decreases the exothermic reaction with the electrolyte at higher temperatures.
Because the oxygen evolution from the charged cathode is accompanied by the structural transformation, we further carried our XRD measurements of the 4.3 V charged samples at 250°C, as shown in Fig. 9 . Ni-rich cathode materials showed phase transformation from layered phase to spinel and NaCl-type rock salt phase with increasing amounts of oxygen generation from the cathode. 29 As can be seen in Fig. 9 , bare sample ͑after charging 4.3 V and annealing at 250°C͒ shows dominant spinel phase ͑Fd3m͒, whereas the samples annealed at 700°C retain original layered phase but show cation-mixing between Li and Ni as evidenced by the higher peak intensity of ͑104͒-͑003͒. The sample annealed at 800°C shows mixed phases with spinel and layered phases, indicating that larger amounts of oxygen liberation than those annealed at 800°C. This result is consistent with the DSC result.
Conclusions
Among the Li x CoPO 4 phase-grown cathodes with different coating concentration, the 3 wt % coating demonstrated the best electrochemical properties without sacrificing capacity and increasing capacity retention. When the annealing time was varied using 3 wt % coated cathodes, the cathode annealed for 7 h showed the best discharge capacity and capacity retention after 40 cycles at 1 C, resulting in values of 170 mAh/g and 91%, respectively. However, a longer annealing time led to destruction of the Li x CoPO 4 phase and formation of solid solution consisting of the elements in the bulk and P elements. In terms of thermal stability, the entire coated sample showed decreased heat generation compared to the bare cell. Among these the cathode annealed at 700°C for 7 h showed the smallest heat capacity of 240 J/g. 
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